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(54) WDM optical communication system 

(57) The invention concerns a method and appara- 
tus for controlling the signal output power of an optical 
amplifier (100). A target output power utilised to monitor 
the amplifier output power comprises the sum of the de- 
sired signal output power and an estimation of the ASE 
generated at this power. The estimation of ASE at any 
gain is made using a predetermined relationship be- 
tween the gain of an amplifier and the generated ampli- 
fied spontaneous emission (ASE). In a simple imple- 



mentation of the invention, the relationship is approxi- 
mated as a linear dependence, when it is determined by 
measuring the ASE generated at two different gains. 
The received ASE is ascertained by measuring the re- 
ceived output signal power and deducting this from the 
total received output power. A more extensive measure- 
ment of the relationship may also be conducted. The de- 
termined target output power can be used to stabilise 
the amplifier output. 
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Description 

Field of invention 

[0001] The invention is broadly directed to optical transmission systems that utilise optical amplifiers, and specifically 
to wavelength division multiplexed (WDM) systems. The invention has particular relevance to the control of output 
power of optical amplifiers in the presence of amplified spontaneous emission (ASE). 

Background art 

[0002] In any optical network it is important to maintain correct power levels for all traffic channels. This is generally 
achieved by monitoring the output power of optical amplifiers using a broadband optical detector, such as a photode- 
tector. The monitored output power is then utilised in a feedback loop to adjust the amplifier gain so that the desired 
output power is produced. This principle is illustrated in Fig. 1 . The arrangement in Fig. 1 includes an optical amplifier 
10, which in the illustrated example is an active fibre amplifier that is driven in the conventional manner by one or 
several pump lasers 20. The amplifier 1 0 may equally be a semiconductor laser amplifier in which case the pump laser 
20 would be replaced by a current or voltage supply controlling the laser. The amplifier 10 receives an input signal 
power Pj^. The output of the amplifier 10 is split using an optical coupler or beam splitter 30 or other conventional 
means to extract a small proportion of the output signal. This is fed to an output monitor 40, such as a broadband 
photcdetector, which converts the optical signal into an electrical signal. This signal having power P wX is then compared 
with a desired, or target, signal power P wUar9dt This target power P ouUarget is the total power of ail channels trans- 
mitted in the optical fibre. It can thus be expressed as 



P ouUarget " N ch X P ch_target 



where is the number of channels carried in the WDM link. 

[0003J However, a characteristic of optical amplifiers, whether they comprise fibre amplifiers or semiconductor lasers, 
is amplified spontaneous emission (ASE) which manifests itself as a broadband signal at the amplifier output. For high 
input signal powers, the power measured at the output includes a negligible proportion of amplified spontaneous emis- 
sion (ASE). However, at low signal powers, for example powers lower than about -20dBm, the proportion of the total 
measured output power due to ASE is important. If the signal output power is corrected by adjusting the amplifier gain 
on the basis of this target power P^*^ as described above with reference to Fig. 1 , the resultant channel output 
power will inevitably be lower than required. 

[0004] It is known to utilise a narrow band detector at the output of the amplifier to measure the signal power at a 
limited range of wavelengths. This effectively filters the ASE out so that the monitored signal is a faithful copy of the 
output traffic power. While such asolution is possible in systems using a single carrier wavelength, such as time domain 
multiplexed (TDM) systems, this is not the case for WDM systems where a large number of different wavelengths are 
used. While narrow band detection may be employed for one of the signal wavelengths present in the WDM system, 
this is problematic for two reasons. Firstly, the system becomes inflexible, since the monitored signal must be routed 
through all the optical amplifiers in the network. Secondly, the system is inherently frail because any fault occurring in 
the monitored channel will result in the collapse of the whole network. 

[0005] There is thus a need for a means of stabilising the output power of optical amplifiers that is effective in WDM 
systems, simple to implement and largely insensitive to faults in individual channels. 



SUMMARY OF INVENTION 



[0006] The invention proposes a method and apparatus for mon itoring the output power of an optical amplifier wherein 
the target output power utilised to monitor the amplifier output power comprises the total desired signal output power 
and an estimation of the amplified spontaneous emission generated at this desired output power. This is achieved by 
determining the relationship between the gain of an amplifier andthe generated amplified spontaneous emission (ASE), 
and then employing this relationship to determine the ASE generated at any gain. 

[0007] A desired gain is derived from the measured input power and the desired signal output power. The ASE 
estimation includes determining the output signal power and deducting this from the total measured output power. The 
relationship between ASE and gain can be assumed to be a linear dependence to a first approximation. This is then 
determined by measuring the ASE generated at at least two different gains. If a more precise approximation of the 
relationship between ASE and gain is required, more values can be measured and stored as a curve fit or in tabular form. 
[0008] The determined target output power can be used to stabilise the amplifier output by comparing the target 
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output power and the measured total output power and adjusting amplifier gain when these two quantities are not 
substantially equal. The relationship between gain and ASE is determined once for an optical amplifier, for example 
during the production process, while the monitoring and correction of amplifier output power utilising this determined 
relationship is ongoing. 

[0009] This method and the associated arrangement allow any errors in channel power due to generated ASE to be 
reliably excluded without the need for additional components such as narrow band detectors or special wavelengths 
dedicated to monitoring. This is made possible, since the monitor is not directed to obtaining an absolute value of the 
ASE power, but instead the target power utilised in the feedback loop during monitoring is corrected to take account 
of the effects of ASE. It is thus not necessary to have knowledge of the total ASE power, which is difficult and laborious 
to ascertain due to the complexity of optical amplifiers; instead only the ASE power that reaches the output monitor 
need be determined. This results in a simple, accurate and relatively rapid mechanism for monitoring the operation of 
optical amplifiers operating in a WDM link. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0010] Further objects and advantages of the present invention will become apparent from the following description 
of the preferred embodiments that are given by way of example with reference to the accompanying drawings. In the 
figures: 

Fig. 1 schematically depicts a prior art arrangement for monitoring and adjusting the output power of an optical 
amplifier; 

Fig. 2 schematically depicts an arrangement for measuring the ASE power reaching an output monitor for different 
amplifier gains; 

Fig. 3 schematically shows an arrangement for stabilising the output power using data generated in the arrange- 
ment of Fig. 2; 

Fig. 4 is a flow diagram illustrating the procedure followed in Fig. 2, and 
Fig. 5 is a flow diagram illustrating the procedure followed in Fig. 3. 
DETAILED DESCRIPTION OF THE DRAWINGS 

[0011] In accordance with the present invention, the desired output power of an optical amplifier connected in a WDM 
linkcarryingmultipletrafficchannels includes the sum desired output powers of all the traffic channels andan estimation 
of the power due to ASE. The desired output power thus follows the relation: 



P ouUarget ~ N ch X P ch_target + P ASE ( G ) - Equ. 1 

[0012] Where P^,^ is the total desired outputpower of the optical amplifier, N^ is the number of channels passed 
through the optical amplifier, P^j^, js the desired output power for each individual channel and P ASE (G) is the ASE 
power generated by the optical amplifier at a specific gain G as measured by an output monitor. 
[0013] The ASE power generated by an optical amplifier is dependent on the gain of the amplifier The relationship 
between ASE and gain is complex, however, to a first approximation it can be considered linear. Once this linear relation 
has been determined, a reasonably good estimation of ASE power can be made at any desired gain. 
[0014] Fig. 2 schematically shows an arrangement for measuring the amplified spontaneous emission ASE generated 
in an optical amplifier and entering an output monitor. In the figure, an optical amplifier 100 is connected at its input 
side to a first optical coupler 1 10 and at its output side to a second optical coupler 1 20. The optical amplifier may be 
any form of optical amplifier that generates amplified spontaneous emission. Thus it may comprise, but is not limited 
to, a rare earth doped fibre amplifier, an undoped fibre amplifier such as a Raman or Brilbuin amplifier or a semicon- 
ductor laser amplifier. The first optical coupler 110 is connected to an input optical fibre carrying a test signal of narrow 
optical spectral width with a high optical signal to noise ratio. The output side of the second optical coupler 120 is 
connected to an output optical fibre which carries the amplified test signal and any ASE generated by the optical 
amplifier 100. The optical couplers 110, 120 are selected to extract a small proportion of the transmitted signal and 
typically have an extraction ratio of around 1 20. It will be understood by those skilled in the art that the optical couplers 
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110, 120 may be any conventional or future devices capable of extracting a portion of the light signal carried in the 
optical fibre. 

[0015] The portion of the output signal extracted by the second optical coupler 120 is relayed to a further coupler or 
beam splitter 1 30 which splits the signal into two paths. In a first palh, the coupler 1 30 is connected to a narrow band 
filter 140. which is tuned to the wavelength of the test signal. The filter 140 does not filter out the generated ASE 
however its bandwidth is chosen to be sufficiently narrow such that the proportion of signal power due to ASE is 
significantly tower than the test signal power, and can therefore be neglected. The output of the filter 1 40 thus represents 
the signal power of the test signal only. The filter 140 is connected to an optical detector 1 50 such as a photodetector 
which converts the filtered optical signal into an electrical signal indicative of the output power, which is denoted as 

[001 6] In the second path connected to the coupler 1 30, the optical signal is passed directly to a broadband optical 
detector 160. which may be a photodetector, and converted into an electrical signal. This signal represents the total 
power P totel output by the optical amplifier and can be represented by 



P total = P sig_out + P ASE" 



[0017] Since the output power of the signal P^,^ is obtained through measurement, the output power due to the 
ASE can be calculated by subtracting this measured value from the total output power according to the expression: 



P ASE _ P lolal " P eig_out 



[0018) -miscalculation is performed in the module 170to renderthe ASE power P^e. This value accurately reflects 
the amount of ASE power that reaches the detection arrangement. 

[001 9] As mentioned above, the ASE generated by an optical amplifier is a function of the gain of the amplifier. The 
gain of the ampler 100 is measured in the arrangement of Fig 2 using a gain calculation module 1 90, which receives 
two inputs. One input being the input power of the test signal P^ which is delivered by the first coupler 110 at the 
input of the optical amplifier 100 and an optical detector 1 80. The other input is the channel output power P , at 
the output of the optical detector 150. The gain G is then simply given by 3 




[0020] The measured ASE power P^ and the associated gain G are then stored together in a storage element 
denoted by 200. 

[0021] Assuming a linear dependence between the gain and ASE power of an optical amplifier, two values of P ASE 
must be measured for different gains in order to ascertain this linear relationship. This is achieved by altering the gain 
of the optical amplifier 100 and repeating the measurement process described above. The gain of the amplifier 100 is 
altered by modifying the controlling current or voltage to the laser pump (not shown) for a fibre amplifier or the injection 
current to a semiconductor laser amplifier. If at a first gain G 0 , the measured ASE output power is P ASE (G 0 ) and at a 
second gain G1. the measured ASE output power is P^ (G1). the ASE output power at any gain G can then be 
approximated using the following expression: 

^W-P^fBJ ^^y^ xtP-Q,) -Eou.2 
[0022] Alternatively, the relationship between ASE power P ASE and gain G can be expressed as 

P ASE = k 1 xG + k 2 , 



[0023] Where k, and kg are constants as follows: 
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k _ p as E (Gi)-Pase( g q) 

Kl :E <*>- 3 

k _ P A8E(eo)XQi-P/BE(Qi) x6 0 

*2- G~g; -Equ.4 

[0024] The constants k, and kg are calculated and stored in the P ASE vs. Gain storage unit 200 shown in Fig. 2. 
[0025] While in the above procedure only two sets of values of ASE power and gain have been utilised to determine 
the constants k, and k^ it wiD be appreciated that more than two sets of measurements may be taken. This may be 
of particular interest when the two sets of readings are not adequate to determine these constants with the required 
accuracy. Moreover, if a more accurate model of the dependence of ASE power on gain is to be determined, many 
more measurements may need to be performed. A further option would be to perform a complete measurement of the 
ASE power versus gain and make a fit to a more accurate mathematical model, or the relative values in tabular form, 
for example in a lookup table. 

[0026] Turning now to Fig. 3 there is shown an arrangement for adjusting the gain of an optical amplifier 100 con- 
nected in a WDM link to obtain the desired channel output power P.* ^ It will be recalled from Equ. 1 given above 
that the total desired output power of an optical amplifier is equal to the sum of the desired channel output powers plus 
the generated ASE power. The power values in this equation represent the power received by an optical monitor at 
the output of the amplifier. 

[0027] In the arrangement of Fig. 3 a driver 390 that includes one or several pump lasers and controls the gain of 
the optical amplifier 1 00 is coupled to the amplifier 1 00. The arrangement conesponds to an active fibre amplifier 1 00. 
As mentioned above, if the amplifier 100 were a semiconductor laser amplifier, the pump would be replaced by an 
injection current source. A portion of the input signal to the optical amplifier 100 is coupled by a coupler 310 to a 
broadband optical detector 160 to provide a signal indicative of the input power P m . The desired gain G is calculated 
in module 350 using the desired channel power P^j^, according to the expression: 

G _ N eh x P ch_tarqet 
P in 

[0028] This value of gain G is then relayed to an ASE estimation module 360 which calculates the ASE power P ASE 
(G) at gain G (see, for example, Equs. 2 to 4 above). Depending on the method used to model the relationship between 
ASE power and gam, the ASE estimation module 360 may utilise the stored constants k, and leg (Equs. 3 and 4), a 
more complex model requinhg more than two stored determined values, or a stored tabular representation of the 
relation P^ vs. gain in the form of a lookup table. The estimated ASE power P^ and the desired channel output 
power Peh toge, are then supplied to a further processing module 370 which generates the desired output power 
p out_tai9et usin 9 E< l u - 1 9<ven above. 

[0029] A portion of the output from amplifier 100 is similarly extracted by a coupler 320, which is connected to a 
broadband optical detector 330. The resultant signal representing the total output power P totaJ is compared in the 
feedback module, or error signal generator, 380 with the desired output power P ouLtaiget generated in module 370 
Any difference between these signals results in a feedback signal being generated which is utilised to correct the pump 
current of the laser pump 390. or alternatively the injection current in the case of a semiconductor laser amplifier, and 
so adjust the gain of the amplifier 1 00. 

[0030] It will be apparent to those skilled in the art. that errors due to losses in the various optical and electronic 
elements in the arrangements depicted h Figs. 1 and 2 are not critical for the adjustment of the output power. It is not 
necessary to determine the ASE power accurately. The arrangement does not require knowledge of the total ASE 
power, which can be difficult to determine. It suffices merely to determine how much ASE power reaches the monitor 
and to adapt the target output power accordingly. 

[0031] While above calculations assume that all channels have the same power, it may occur that some channels 

have a higher power than others. In such a case, the arrangement and method may be modified to introduce weighting 

into the calcubtion to compensate for traffic channels ol different powers. Inparticular. thefactor would be weighted 

according to the power relationship of the single measured channel relative to all channels. 

[0032] The procedure tor monitoring the output power utilising the schematic arrangement of Fig. 3 is an ongoing 

process, which can be employed permanently to monitor and adjust the gain of the amplifier. To facilitate this process. 

the monitoring circuitry depicted in Fig. 3 could be integrated in a single unit with the amplifier 1 00. 

[0033] Conversely, the measurement of ASE for different gains to determine the relation between gain and ASE 
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power for an optical amplifier will ideally need to be performed only once, preferably during or post production 
[0034] While the various functions have been attributed to different modules in Figs. 2 and 3, these functions may 
be performed using a single programmed microprocessor with associated memory in each case, or alternatively using 
a fast programmable gated array (FPGA). Thus the functions of P^ detection 1 70, gain detection 1 90. storage of the 
relationship vs. gain 190 in the arrangement of Fig. 2, and gain processing 350, P ASE estimation 360 and 
Pouuargef generation 370 in the anangement of Fig. 3 could be incorporated in a single functional unit in each case 
[0035] Figs. 4 and 5 are flow diagrams illustrating the procedure followed by a microprocessor or dedicated logic 
array performing the functions of the elements shown in Figs. 2 and 3, respectively. 

[0036] In both procedures the relationship between ASE power and gain has been determined to a first approximation 
as a Imear dependence. It will be appreciated by those skilled in the art that other, more complex models of the rela- 
tionship, or a lookup table, could be substituted for the simple approximation. Since the relationship is preferably de- 
termined at production in an automated procedure, the measurement of several tens, hundreds or even thousands of 
values to establish the dependence requires little additional effort, time or cost. 

[0037] The flow diagram of Fig. 4 illustrates the steps for determining a model of the relationship between ASE power 
and gain of an optical amplifier. It starts in step 401 with the reading of the measured total output power P totel . In step 
402 the measured power of a test signal P,^ is read. The ASE power is then calculated according to the equation: 
p ase = p to«ai " p «*j_ot,t in ste P *03 and stored in step 404. In step 405. the input power of the test signal P . • is read 
The gain 6 (P^^/ P^J is calculated in step 406 and stored in step 407. In step 408, it is determined*whether two 
values of gain have been stored. If the answer is no, the pump power of the optical amplifier 100 is adjusted in step 
41 1 and the process repeated for a different gain. If the answer is yes, the constants It, and kg are calculated 
[0038] The output power stabilisation process is illustrated in Fig. 5. This process begins in step 501 with the reading 
of the total input power. The gain is then calculated in step 502 using the known number of channels and the target 
channel output power P^j^ In step 503, the ASE power for the calculated gain G is determined using the stored 
constants It, and kg. The total target output power P^^, is then determined in step 504 according to Equ. 1 The 
actual measured total output power is read in step 505 and compared with the target output power in step 506 If these 
are the same, the adjustment is terminated and returns to the first step 501 to continue the monitoring procedure If 
there is a discrepancy between the target total output power P ouLteqel and the measured output power, the pump 
power is adjusted in step 507 and the process returns to step 505 where the adjusted output power is measured 
[0039] While the invention has been described wilh reference to a WDM link, those skilled in the art will recognise 
that the monitoring and output power stabilising method and arrangement may also be applied to optical amplifiers 
connected in single earner systems, such as a TDM system. 

V 

Claims 

1. A method for monitoring the output power of an optical amplifier (100) including: 
measuring the input power <f> m ^ to the optical amplifier, 

determining the required gain (G) based on the measured input power (P^ tot ) and a desired signal output 

P° w 8f(Pout > t» 9e t). 

utflisingapredetermined relationship between amplified spontaneous emission power and gain of the amplifier; 
estimating the amplified spontaneous emission (P^) for the required gain, 

comparing a measured output power with the sum of the desired signal output power and the estimated am- 
plified spontaneous emission power. 



2. A melhod as claimed in claim 1, including: adjusting the gain of the amplifier if the measured output power is not 
substantially equal to the sum of the desired signal output powerand the estimated amplified spontaneous emission 
power. 

3. A method as claimed in claim 1 or 2. wherein said predetermined relationship is determined by: 

measuring received powerdue toamplified spontaneous emission (P^ (G) ) at at least two values of gain, and 
determining at least an approximate relationship between ASE and gain using said measured values. 

4. A method as claimed in claim 3, wherein the step of measuring received power due to amplified spontaneous 
emission includes: 

measuring the signal power (P^^ output by the amplifier (100), 
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measuring the total output power (P l0| ^ and 

subtracting the signal output power (P^^ from the total output power (P tot out ) to determine the received 
amplified spontaneous emission power (P^). 

5. A method as claimed in any previous claim, wherein said predetermined relationship is represented by two con- 
stants defining the relationship P ASE (G) = x G + ^ the constants being defined by the expressions: 



•S^ase^^-Pase^/CGi-Go). 

and 

k 2 = [ p ASE ( Q o) x ^1 - Pase (Gi ) x G 0 ] / (G, - G 0 ) 

where Go is a first gain of the amplifier, P^ (G 0 ) is the amplified spontaneous emission power measured at said 
first gain, G 1 is a second gain of the amplifier. P ASE (G t ) is the amplified spontaneous emission power measured 
at said second gain, G is the required gain and P^ (G) is the estimated amplified spontaneous emission power 
at the required gain (G). 

6. A method step as claimed in any one of claims 1 to 4, wherein said predetermined relationship is given by multiple 
stored values representing a curve of amplified spontaneous emission against gain of the optical amplifier (100). 

7. A method as claimed in any previous claim, wherein said desired signal output power (P ou , ^ is the sum of the 
desired output powers of multiple traffic channels (N^ x P^^ passed through said amplifier. 

a A method of monitoring the output power of an optical amplifier for use in a WDM network, deluding: 

determining the relationship (k,, lo>) between the gain of the amplifier (100) and the amplified spontaneous 
emission power generated by the amplifier, 
establishing a desired traffic power (Pchjarget). 
measuring the input power of said optical amplifier, 

determining a desired gain (G) for the optical amplifier based on said desired traffic power and measured input 
power, 

estimating the amplified spontaneous emission (P ASE (G)) at said desired gain using said determined rela- 
tionship, and 

detenminingadesired total output power (P ouU arget) on the basis of the desired traffic power and the estimated 
ASE power. 

9. A method as claimed in claim 8, further including 

measuring the output power of the optical amplifier (Pou Uot ), and 

correcting the gain of the optical amplifier if said measured output power is not substantially equal to the 
desired total output power (P wUaJ9a ^ 

10. A method of estimating the amplified spontaneous emission power generated by an optical amplifier, the method 
including: 

measuring the signal power output by the amplifier (P^g^t), 
measuring the total power (P MjM ^ output by the amplifier, and 

deducting the signal output power from the total output power (P tt oul ) to determine the received amplified 
spontaneous emission power (P^e). 

11. An arrangement for monitoring the output power of an optical amplifier (100), including: 

means (310, 340, 320, 330. 350) for determining a desired gain (G), 

means (360) for estimating the measured ASE power at said desired gain (G), 

means (370) for generating a desired total output power of said amplifier (100), 
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means (380 ) for comparing said desired total output power with a measured output power and 
means (380. 390 ) for adjusting the gain of the amplifier (1 00) when the measured output power is not sub- 
stantially equal to the desired total output power. 

12. An arrangement as claimed in claim 11, wherein said means for determining the desired gain (G) include 

means (310, 340; 110, 180, 190) for measuring the input power to the amplifier (100) 
means (320, 330;130, 160) for measuring the power output by the amplifier (100). 

13. An arrangement as claimed in claim 11 or 1 2, wherein said means for estimating the measured ASE power at said 
desired gain (G), include storage means (200) containing data representing the relationship between ASE power 
and gain in the amplifier ( 1 00). 

14. An arrangement as claimed in claim 13, wherein said storage means (360) includes a lookup table. 

15. An arrangement for determining the relationship between the gain of an optical amplifier (100) and the amplified 
spontaneous emission power generated by said amplifier (1 00) including: 

means (1 40, 1 50) tuned to the wavelength of a signal carried by the amplifier (1 00) and coupled to the output 
of said amplifier (100) for determining the output power of said signal, 

means (320, 330; 130, 160) coupled to the output of said amplifier (100) for measuring the total output power, 
means (1 70) coupled with said signal output power determining means and said total output power determining 
means for determining the received amplified spontaneous emission power (P^e)* 
means (180, 190) coupled to the input of said amplifier (100) for determining the input power of said signal, 
means (190) coupled with said channel output power determining means and said channel input power de- 
termining means for determining a current amplifier gain, and 

means (200) coupled with said gain determining means and said amplified spontaneous emission determining 
means (1 70) for storing the values of the determined amplified spontaneous emission and gain. 

16. An optical amplifier, including: 

means (310, 340; 110, 180, 190) for measuring the input power to the amplifier, 

means (350) coupled with said input power measuring means for determining the desired gain of the amplifier 
and 

means (360) coupled with said desired gain determining means for estimating the amplified spontaneous 
emission power output by the amplifier at said desired gain. 

17. An amplifier as claimed in claim 16, further including 

means (320, 330; 120, 160) for measuring the output power of the amplifier, 

means (370) coupled with said estimating means for determining a desired output power of said amplifier, and 
feedback means (380) for detecting a difference between said desired output power and said measured output 
power and for adjusting the gain of the amplifier when the measured output power is not substantially equal 
to the desired output power. 

ia An amplifier as claimed in claim 16 or 17, further including means (140, 150, 170, 190, 200, 140, 150) coupled 
with said estimating means (360) for determining a relationship between received ASE power arid any desired 
gain erf the amplifier. 

19. A method of monitoring the output power of an optical amplifier including: 

generating a target signal output power (N^ x P^^ and an estimate of the amplified spontaneous emis- 
sion power (P^e (G)) received at said target signal output power, and 

comparing the sum of the target signal output power (N ch x ^ and the estimated amplified spontaneous 
emission power with a measured output power of the amplifier. 
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